[1] River waters collected weekly over the whole year of 2007 from the Buha River draining to Lake Qinghai on the northeastern Tibetan Plateau were analyzed for major ions and Sr isotopes. Dissolved loads in the river exhibit distinct seasonal variability in major cation ratios and Sr isotopes over the 1 year period, reflecting seasonal differences in relative inputs from various sources and weathering reactions in the catchment. Distinct geochemical signatures suggest that eolian dust may affect river water chemistry significantly, resulting in a twofold increase influx of dissolved loads during spring relative to winter. It is noticeable that both the lowest and the highest 87 Sr/ 86 Sr values of the Buha River waters occurred in the monsoon season, indicating a sensitive response of carbonate versus silicate weathering sources to hydrological forcing on a seasonal basis. A significant decrease in Na/cation, together with lower Sr isotope ratios, is consistent with a greater proportion of carbonate weathering relative to silicate weathering in the early monsoon season. High temperature and increased rainfall during the peak of the monsoon facilitate an increased proportion of ions derived from silicates, partly from groundwaters, to river water. In other seasons, elemental and 87 Sr/ 86 Sr ratios vary much less, indicating a constant ratio of silicate to carbonate weathering, consistent with limited variation in discharge. Our results highlight that in a semiarid region where climatic conditions vary seasonally, in addition to silicate and carbonate contributions, supply from eolian dust may also play a significant role in controlling seasonal variations in chemistry of river waters.
Introduction
[2] Rivers, as a vast global transportation system on the Earth's surface, supply dissolved components and sediments to lakes and oceans. The dissolved components in the waters are important in the context of global geochemical cycles and paleoenvironmental reconstruction, because dissolved species respond to environmental changes and effectively moderate the chemical and biological processes. Knowledge of these (bio)geochemical processes is essential to understand the environmental feedback mechanisms that are a fundamental goal of contemporary Earth Science studies. Chemical weathering is one of the most important (bio) geochemical processes, responsible for supplying dissolved components to ecosystems, and also for regulating long-term global climate via the removal of atmospheric CO 2 [e.g., Walker et al., 1981; Berner et al., 1983] . This lends particular significance to understanding the role of rock weathering in determining chemical compositions of the waters.
[3] The chemical composition of stream waters can be affected by various natural factors including the chemical composition of rocks and soils, size and shape of the catchment, climatic variables, and vegetation [White and Blum, 1995; Drever, 1997] . The latter two factors may vary seasonally, so that increasing attention has been paid to the temporal variation in weathering rates and patterns, particularly in response to seasonal climate [e.g., Galy and FranceLanord, 2001; Bickle et al., 2005; Tipper et al., 2006; Rai and Singh, 2007; Gislason et al., 2009; Wolff-Boenisch et al., 2009] . These studies have found large seasonal variations in the major cation and 87 Sr/ 86 Sr ratios in the dissolved loads indicating a climatic sensitivity of the weathering processes. Noticeably, most of these studies have focused on selected rivers draining the Himalaya, with special interest in this region because of the hypothesis of global impact of large Himalayan rivers on seawater chemistry [Richter et al., 1992; Ruddiman, 1997] . To better define mass transfer in hydrological cycles, a detailed understanding of the spatial and temporal controls on the rates and processes of chemical weathering within various catchments remains crucial. However, in other important environments such as in arid and semiarid areas, there is less information about seasonal variation in river chemistry.
[4] Besides catchment weathering, eolian dust has potential but uncertain impacts on dissolved load budgets of major cations and 87 Sr/ 86 Sr ratios in river/seawater chemistry [e.g., Campbell et al., 1995; Jacobson, 2004; Jacobson and Holmden, 2006; Pett-Ridge et al., 2009] . Eolian dust produced in arid areas has important and disparate effects throughout the Earth system [e.g., Arimoto, 2001; Ridgwell, 2002] . Annually, major dust production occurs during spring in the arid and semiarid regions of the Central Asia, and this dust is transported long distances via midlatitude prevailing winds to east China and beyond [Liu et al., 2008] . Recent attention has been focused on the role of eolian dust in transporting solute Fe and Al to surface oceans and in enhancing organic productivity [e.g., Measures and Vink, 1999; Jickells et al., 2005; Measures et al., 2005] . Annual eolian dust input directly to the oceans is estimated to be 450 Tg, amounting to ∼26% of the total dust production (1700 Tg/yr) [Jickells et al., 2005] . The dust input to rivers, especially for some large rivers (e.g., the Yellow and the Nile Rivers), is likely important and its role in influencing the water chemistry needs to be quantified. To date, such eolian dust contribution to river water chemistry has rarely been taken into account during catchment weathering evaluations [Gorham, 1961; Négrel et al., 1993; Pett-Ridge et al., 2009] .
[5] In the present study, waters have been sampled from the Buha River (draining into Lake Qinghai, northeastern Tibetan Plateau) and from rain and groundwater within the catchment. The river water samples were collected regularly throughout 2007. Interest in this subject arose initially from attempts to quantify the inputs to river water from rain and from both carbonate and silicate weathering within the Lake Qinghai basin. The results suggested that dry/wet atmospheric input contributes 36-57% of the total dissolved cations to the river waters . Furthermore, an elemental input-output model of Lake Qinghai shows that dry atmospheric input accounts for ∼65% of the total inputs to the modern lake sediments [Jin et al., 2009a] . Our data presented here show that eolian dust might have a significant contribution to both major elements and 87 Sr/ 86 Sr in the riverine dissolved loads in the spring, when northwestward winds prevail. The main aims of this work are (1) to understand the geochemistry of the Buha River, (2) to illustrate how it varies seasonally, (3) to trace the nature of the weathering processes, and (4) to shed light on the role of seasonal eolian dust input in river water chemistry in semiarid areas.
[6] The Buha River in Lake Qinghai was chosen for the following reasons. First, it is located in a transitional zone between arid and semiarid climates, where seasonally alternating wind and rainfall processes predominate. Second, seasonal air temperature and precipitation in the area vary remarkably, providing an ideal place for evaluating the sensitivity of chemical weathering to climatic parameters. For example, the variation in daily air temperature reaches 38°C (−25 to +13°C) annually. It is predicted that future warming and rainfall increase on the Tibetan Plateau is expected to be "much greater than average" [Intergovernmental Panel on Climate Change, 2001; Duan et al., 2006] . Third, the catchment is characterized by high relief and low density of vegetation. The underlying marine sedimentary rocks are easily subjected to erosion and weathering that contributes more than 70% of the total suspended sediment discharge (∼498 kt/yr [Colman et al., 2007] ) to the lake. Fourth, Lake Qinghai adjoins the Chinese Loess Plateau in the east, the Qaidam Basin in the west, and the arid desert in the north and west (Figure 1a ), all being important potential sources of Asian dust [Bowler et al., 1987; Prospero et al., 2002; Qiang et al., 2007] . Dust activity is prevalent in these areas, primarily during the spring. Fifth, this river catchment is sparsely populated, minimizing the effect of human activity on water chemistry. Last, the Ca-(Na)-HCO 3 -type water from the Buha River contributes more than 50% of the surface runoff and the chemical budget of Lake Qinghai [Jin et al., 2009a] . Chemical mass balance is the basis of paleoenvironmental reconstruction from the drilling cores of the Lake Qinghai Drilling Project under the auspices of the Chinese Academy of Sciences (CAS) and the International Continental Scientific Drilling Program. Tracing water chemical variation and the related controlling factors on the Buha River has important implications for interpreting sedimentary records from Lake Qinghai.
Study Area

Geography and Climate
[7] As the largest river within the Lake Qinghai basin, the Buha River (the term "Buha" means wild yak in the Qinghai dialect) catchment consists of numerous minor tributaries, most originating from the Qilian Mountains (Figure 1b) . The river source is situated at an altitude of more than 4600 m above sea level in the Shule South Mountain (Qilian Mountains). The upper two major tributaries are Xiarige Qu and Yangkang Qu (Qu = river) which join to form the Buha River (Figure 1b) . The total river length is 286 km and it flows through relatively flat fluvial plains and deltas before feeding into Lake Qinghai. The river is not dammed and the impact of human influences on the catchment is limited.
[8] The river drains an area of 14337 km 2 , nearly half of the total Lake Qinghai basin area (29660 km 2 ), and it contributes more than half of annual water input to the lake [Li et al., 2007] /yr (data from the Buha River Hydrological Station, Figure 1 ). The peak discharge is during the monsoon season. In late August 2007, this reached a maximum of 220 m 3 /s, whereas the base flow discharge during the dry seasons was 2-10 m 3 /s. The Buha River supplies more than 70% of the total detrital input to the lake, accompanying its high water discharge [Colman et al., 2007] . Vegetation at present is dominated by montane shrub and alpine meadow.
[9] Seasonal climatic variability in the Lake Qinghai basin is linked with the alternation between the monsoon season (influenced by the East Asian and the Indian Monsoons) and the Westerly Jet Stream. This alternation affects wind direction and strength, and precipitation patterns. Based on the records from the local meteorological station (Tianjun County), the mean annual temperature is −0.7°C and exhibits remarkable seasonality. The mean monthly temperature varies from ca −11°C in winter to over +13°C in summer (mean over 1957-2007) . With much sunshine (3640 h/yr) and high insolation (∼6.5 × 10 15 J/m 2 /yr), the annual average potential evaporation is 1650 mm/yr. The mean annual precipitation is 340 mm/yr, of which about 77% occurs between June and October, resulting in 80-85% discharge during this period. Averaged annual wind speed is 3.8 m/s at 10 m height above the surface, dominated by northwestward winds during 1957-2007, with an average of 59 d/yr with strong wind (≥ 18 m/s). The number of dust storm days ranged from 8 to 20 d/yr during this period.
[10] Figures 2 and 3 show variations in daily precipitation, daily air temperature, and daily water discharge in 2007 at the Buha River Hydrological Station where the river water samples were collected. The monsoon season is distinguished from other periods by its high temperature, relatively continuous rainfall and higher discharge. In 2007, more than 85% of precipitation and water discharge occurred during the monsoon season (middle June to middle October) and the spring (March to early June) was characterized by increased air temperature and sporadic rain.
Geology
[11] Situated on the southern edge of the Qilian Fold Belt, Lake Qinghai is a closed piggyback basin surrounded by several mountain ranges [Bian et al., 2000] . These mountains, with general elevations above 4000 m, consist of Upper Paleozoic marine limestone, schist and sandstone, Triassic granite, and Mesozoic diorite and granodiorite . The distribution of these rocks is associated closely with NWW, NNW, and N-S trending faults (Figure 1b) [Bian et al., 2000] . Fault escarpments and lacustrine sediment terraces have been extensively developed along the southern shore.
[12] The Buha River catchment comprises hummocky terrain of predominantly Permian marine limestone and sandstones, Silurian sandstones and schist (Figure 1b) . Mesozoic granites outcrop in the northern part of the catchment near the shores of Lake Qinghai. The river has created fluvial plains and delta along the western shores. (b) Geological map showing lithological units, the configuration of the Lake Qinghai drainage basin, and major rivers feeding the lake (modified after Jin et al. [2009b] ). The sampling sites for groundwater (from drinking wells) along the Buha River are shown, with unlettered sample numbers prefixed by QH in Table 2 . The Lake Qinghai catchment boundary is shown as dashed lines.
Loess is distributed sporadically on some outwash terraces and is thought to have been deposited in the middle to late Holocene [Porter et al., 2001] . Within the catchment, small modern glaciers occur on mountains in the upper Buha River drainage basin. [14] At each collection site, water temperature and pH were measured synchronously. The water (including rainwater) samples were filtered in situ through 0.2 mm Whatman nylon filters. One 30 mL filtered unacidified sample was collected for anion analysis, and one 60 mL sample for cation analysis was collected into a polyethylene bottle precleaned with 6 M quartz distilled HNO 3 and acidified to pH < 2. Bottles were wrapped with a parafilm strip around the closure to ensure no leakage. All samples were kept chilled until analysis.
Samples and Analysis
[15] Major cations and Sr 2+ were analyzed by Leeman Labs Profile inductively coupled plasma atomic emission spectroscopy (ICP-AES) at the State Key Laboratory of Lake Science and Environment. Major anions (F − , Cl − , and SO 4 2− ) were determined using a Dionex-600 ion chromatography at the Institute of Earth Environment, CAS. The average replicate sample reproducibility was 0.5-1% (2s). Alkalinity (expressed as HCO 3 − in Tables 1-3) was measured by acid titration.
[16] For Sr isotope analysis, water samples containing 100 ng Sr were evaporated to dryness in ultraclean Teflon vessels and redissolved in 0.1 mL 3 M HNO 3 . Strontium in the solution was then separated from other ions by passing through an Eichrom Sr SPEC exchange column (0.5 mL bed volume each column) preconditioned with 3 M HNO 3 and eluted with 4 mL UHQ (ultra high quality) deionised water. The total Sr blank level was less than 0.1 ng. The eluted solutions were acidified by twice subboiling HNO 3 to 3 M before measuring strontium isotopic compositions. All preparation procedures for Sr isotopic compositions were carried out in a Class 1000-10000 clean room.
87 Sr/ 86 Sr was measured by a ThermoFisher Neptune Multicollector Inductively Coupled Plasma Mass Spectrometer in the Isotope Geochemistry Lab at the National Cheng Kung University, Taiwan. The analytical methods employed broadly followed those by Wang et al. [2010] . During the runs, 0.3 N HNO 3 was replaced with H 2 O and an additional washing step using a 0.05 N NH 4 OH solution was used for every 5 samples to reduce memory effects. To further reduce the blank contribution, the averaged background intensity determined using a 0.3 N HNO 3 blank was subtracted before processing the data using standard sample bracketing approach. Before data collection, baselines were measured with idling and counting times of 10 and 20 s, respectively. One isotopic measurement consisted of 60 measurements in 10 blocks. Sr ratio of the NBS 987 standard (recommended value = 0.710245) obtained for reproducibility during analysis was 0.710248 ± 0.000007 (2s, n = 39).
Results
Major Ion Compositions
[17] Major ion and Sr 2+ concentrations, pH, and 87 Sr/ 86 Sr of the weekly samples of river waters are summarized in Table 1 and Figures 2 and 3. Total dissolved solids (TDS) of these samples vary from 245 to 446 mg/L (Table 1) with the highest TDS in February and the lowest in June (Figure 2 ). In the ternary diagrams (Figures 4b and 4c ), the dominance of HCO 3 − is shown as clustering of points near the HCO 3 − apex. The Buha River waters are alkaline, characterized by Ca-(Na)-HCO 3 -type, reflecting the dominance of the carbonate-rich sedimentary rocks within the catchment. The pH values of the river waters are uniformly high, ranging from 7.94 to 8.53, reflecting the dominance of limestone dissolution. Some of the pH variations might be associated with secondary carbonate precipitation. Saturation index (SI) calculated using Geochemist's Workbench v.8.0 [Bethke and Yeakel, 2009] indicates that the waters in the Buha River are supersaturated with respect to both calcite (CSI) and dolomite (Table 1 ). The CSI is correlated positively with the pH values. Such a correlation can be viewed as evidence for selective removal of Ca 2+ and HCO 3 − by calcite precipitation [Jacobson et al., 2002] , resulting in decreased pH and CSI in the waters during the dry seasons ( Figure 2 ). Most Himalayan rivers are also reported to be saturated with respect to calcite even in the monsoon [Sarin et al., 1989; Galy and France-Lanord, 1999; Tipper et al., 2006] . Of the major cations, all but Ca 2+ display similar seasonal variation as that of the TDS. Concentrations of the major cations decrease to minima in the early monsoon season (middle June to middle July) ( Figure 2 ). The low values can be attributed to dilution by the increased discharge during the monsoon season, although the decrease is not in 1:1 proportion to the increase in discharge. Water discharge varies by a factor of up to 30 within the year (Figure 2 ). It is noticeable that concentrations of the major cations tend to increase gradually as the monsoon intensifies, rather than simply reflecting dilution (Figure 2 ). By contrast, Ca concentrations are relatively low and show a fairly narrow range (1.19-1.32 mmol/L) during March and mid-August (Figure 2) , with the lowest in early July. The highest value (1.57 mmol/L) in Ca 2+ is found on 2 September 2007 when the monsoon intensity reached its maximum.
[18] Anion concentrations in the waters show similar seasonal variation to the cations and TDS (Figure 2) . Along with the low Ca 2+ during spring (March to early June), HCO 3 − concentrations also decrease. The river waters have much higher Cl − than that in rainwater (up to 10 times). Although the rainwater may contribute evaporitic elements [Meybeck, 1987; Négrel et al., 1993] , sea-salt aerosol has a minor influence on local rainwater because Lake Qinghai is remote from the oceans. The high Cl − and SO 4 2− in the river therefore must originate from evaporite dissolution or sulfide oxidation [Jin et al., 2009b] under high evaporation conditions. A strong correlation and the ratio close to unity between Na + and Cl − of the rainwater and the Buha River waters ( Figure 5, except [19] Groundwater data are given in Table 2 . Although the groundwater samples were collected from a short time period (July to August), extensive samplings of groundwater in addition to its expected slow response to changes in surface processes and conditions mean that this chemistry is likely to be representative. In the Buha River hydrosystem, as in many watersheds [e.g., Durand et al., 2005] , the geochemical characteristics of groundwater samples are quite spatially variable. The groundwaters are HCO 3 -Cl-Na type and exhibit a wide range of elemental concentrations (Table 2) , probably resulting from variable weathering intensities owing to long periods of water-rock interaction [Evans et al., 2001] . Although the ionic compositions and TDS for most of the groundwaters are higher than that of the river waters, groundwaters and river waters share similar geochemical characteristics, evolving from the carbonateand evaporite-rich sedimentary rocks of the aquifers. Consequently, river and groundwaters overlap in the ternary diagrams (Figures 4b and 4c) .
[20] Inspection of geochemical plots reveals that the river waters collected in the spring (Table 1) are distinctive from other seasons. First, concentrations of all cations show a pulse-like distribution in spring and decrease gradually after this (Figure 2) . Second, large increases in Na + and also Cl − in the spring samples (red line in Figure 5 ) deviate from the 1:1 line and the array defined by nonspring and groundwater waters, suggesting a different source (see discussion in section 5.1). Last, molar Na/ion ratios jump by a factor of ∼2 from winter to spring, remain at relatively high ratios, and then rapidly return to lower values with onset of monsoon ( Figure 6 ). These distinct changes in composition suggest an 
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addition of different sources to the spring river waters, besides weathering contributions from various lithologies within the tributaries.
[21] Rainwater is one of the potential contributors to the dissolved elements in river waters [e.g., Négrel et al., 1993; Gaillardet et al., 1999] . The rainwaters collected within the catchment show significant variability in chemical compositions. The TDS of these samples vary by a factor of about five, from 28.6 to 158.1 mg/L (Table 3) . Both anions and cations also show variations by a factor of three to nine. The rainwater falls closer to the Ca 2+ and HCO 3 − apexes than the river waters (Figure 4 ), but all rainwater is undersaturated with respect to calcite (Table 3) .
Sr Concentration and Sr Isotopic Ratio
[22] Sr 2+ concentrations of the river water samples vary from 3.99 to 6.18 mmol/L. The temporal variation in the Sr + versus Cl − for 53 river, 7 rain, and 15 groundwater samples from the Buha River drainage basin. The river waters collected during the spring, with the exception of the sample BH07-13, show a strong correlation (r 2 = 0.83, red line) with high Na + (Na/ Cl = 2.01 ± 0.20) and offset from 1:1 line, indicating a different source. This is attributed to eolian dust input (see text). The other waters, including groundwaters, show a good correlation (r 2 = 0.90, dashed black line). The groundwaters alone also correlate well (r 2 = 0.79, solid blue line). Both are close to the 1:1 line, indicating evaporite inputs to nonspring river waters and groundwater. (Figure 3 Figure 3 ). The 87 Sr/ 86 Sr ratios of the samples from postmonsoonal seasons vary much less in comparison (Figure 3) . The Sr isotopic compositions of the spring river waters vary within the range of monsoon samples.
[ (Tables 1  and 2 ), probably resulting from a long duration of rockwater interaction [Négrel et al., 2001; Jin et al., 2009b] . Meanwhile, five groundwater samples have 87 Sr/ 86 Sr ratios close to those of the river waters, potentially resulting from surface water supply.
[24] Strontium isotopes of rainwater can help determine the origin of aerosols and identify source mixing [e.g., Dupré et al., 1994; Chabaux et al., 2005] . Sr 2+ concentrations of the rainwater samples vary by a factor of ∼5, from 0.52 to 2.53 mmol/L. 
Discussion
Sources of Dissolved Components to the Buha River
[25] The chemical compositions of river waters are determined primarily by the contributions from various lithologies within the tributaries [Palmer and Edmond, 1992; Gaillardet et al., 1999; Noh et al., 2009] , and potentially from atmospheric, groundwater, hydrothermal spring, and anthropogenic inputs [Gorham, 1961; Négrel et al., 1993; Durand et al., 2005; Jin et al., 2009b] . On the basis of seasonal variations in weekly water chemistry of the Buha River over 2007, three main observations are (1) a sudden increase in dissolved components (opposite to Ca 2+ ) at the beginning of the spring, with a sudden event on 25 March related to a snow storm, (2) an abrupt concentration decrease in solutes and 87 Sr/ 86 Sr at the beginning of the monsoon period followed by a sharp increase when the monsoon reaches its maximum, and (3) relatively little change during the rest of the year (Figures 2 and 3 ). These geochemical variations over the seasons are proposed to reflect changes either in input sources or in the intensity of the catchment weathering in the context of discharge dilution.
[26] Waters in the Buha River are supersaturated with respect to calcite and dolomite, so concentrations of Ca 2+ , Mg 2+ , and Sr 2+ may not be conservative. Since both Na + and Cl − in river water are soluble and conservative, the variation of Na + and Cl − is employed to assess sources and their mixing, because the effects of dilution/evaporation on both Na + and Cl − are the same. Several important observations appear when comparing the Na + and Cl − compositions and ratios in river waters with those of groundwater and rainwater. First, a distinct array for the spring river waters is well illustrated by well correlation between Na + versus Cl − (solid red line, r 2 = 0.83; Figure 5 ), with higher Na/Cl ratios (2.01 ± 0.20). The array is offset from the 1:1 line of Na + and Cl
−
, with an exception of sample BH07-13 ( Figure 5, see discussion below) . The excess of Na + relative to Cl − is also found in some rainwater samples (Table 3 ) and in the water-dissolved fraction (Na/Cl = 1.99) of one dust sample we collected within the catchment during the spring of 2009. Second, Na + versus Cl − of the rain and nonspring river waters are close to the 1:1 line and are well correlated (solid black line, r 2 = 0.90, Figure 5 ), with Na/Cl ratios of 1.27 ± 0.09 for nonspring river waters. Third, although the groundwaters have higher Na + and Cl − concentrations than the nonspring river waters, they have Na/Cl ratios (1.12 ± 0.18) close to unity and share the same linear array defined by the nonspring river waters ( Figure 5 ). This observation suggests that groundwaters and nonspring river waters have geochemical signatures related to the lithological characteristics of the aquifers.
[27] These observations indicate that a likely cause to explain the high Na/Cl ratios in the spring river waters is supply from an additional source, because their chemistry cannot be explained by changes in weathering rates of silicates and/or carbonates alone given that the climatic condition is similar among nonmonsoonal seasons. As observed above, groundwaters have Na/Cl ratios close to those of the nonspring river waters and share the array defined by the nonspring river and rainwaters, indicating that groundwater input can be excluded. Obviously, a groundwater contribution to river waters only during the spring is unlikely, as is an anthropogenic input. Therefore, we suggest that the separation of the spring river waters from other seasons and groundwater might be controlled principally by the input of eolian dust (see section 5.2), when the westerly winds sweep across central Asia during the spring.
[28] The sample BH07-13, collected on 25 March 2007, deviates from the general variations (Figures 2 and 5) , with decreased concentrations for most of the dissolved constituents. This sample has highest Ca 2+ among the spring samples but low concentrations of other ions and TDS relative to samples collected before and after (Figure 2 ). According to quarterly reports of local weather by the Qinghai Province Weather Bureau, a large-scale severe snowfall occurred within Qinghai and neighboring provinces (including Lake Qinghai) during 14 to 17 March 2007, with snow accumulation of 10-16 cm thickness. After the snow, daily average air temperature increased rapidly from −17°C to +2°C (Figure 3 ). This temperature increase was very anomalous and has not occurred at this season at any time since 1952. It would have resulted in a rapid and complete melting of snow and ice. This anomalous weather also led to the ice out period of Lake Qinghai occurring one week earlier in 2007 than in normal years. During this snow storm event, the downstream of the Buha River showed a concomitant rapid increase in water discharge by about a factor of two, from 1.40 to 2.62 m 3 /s. Therefore, this sample can be ascribed to the snow melting event after a large-scale snowfall, resulting from trapped carbonate dust in the snow coming down and dissolving in the river.
Eolian Dust Contribution During Spring
[29] Because of the extreme dryness in inland Asia, intense midaltitude westerlies sweep across the northwestern portion of China every spring, and dust is eventually transported by the large-scale atmospheric circulation to eastern China and beyond [Pye, 1989; Littmann, 1991; Prospero et al., 2002] . A modern "airborne dust corridor," across Lake Qinghai, for eastward transport of dust is demonstrated by lidar observations, especially during the spring [Liu et al., 2008] . When northwesterly westerly winds prevail during the spring (as shown by air mass back trajectories, Figure 7) , eolian dust entrained from arid regions would be deposited within the catchment to form loess deposits surrounding Lake Qinghai [Porter et al., 2001] . Field investigations indicate that dust events occur regularly throughout the spring. Therefore, an eolian source component for the spring waters of the Buha River is consistent with its geographic and climatic settings.
[30] Carbonates and evaporites are prominent components in Asian dust [Liu, 1985; Gomes and Gillette, 1993] . Atmospheric deposition of carbonate-rich dust (with average of 6.1% carbonate in eolian dust samples from Dunhuang and Aksu [e.g., Wang et al., 2005] ) is common surrounding the Tibetan Plateau [Wake et al., 1993 [Wake et al., , 1994 Wu et al., 2005] . Loadings of carbonate have been shown to be particularly high during the spring [Zhang et al., 1997; Kang and Cong, 2006] . Evaporites are also found commonly in the dust source areas. For example, halite (NaCl), mirabilite (Na 2 SO 4 ·10H 2 O), borax (Na 2 B 4 O 7 ·10H 2 O) and sylvite (KCl) are exposed widely in the Qaidam Basin [Zheng, 1997] . The excess Na + relative to Cl − in some rainwater samples (Table 3 ) and the high Na/Cl ratio (1.99) in the water leaching fraction of one dust sample we collected within the catchment during the spring of 2009 might originate from Na-bearing salts (such as borax, mirabilite) derived from such source areas. These dusts, with high surface areas and containing highly soluble carbonates and salts, are prone to partial dissolution in rain and river waters, yielding high dissolved compositions of Ca 2+ and associated elements when the dust is introduced into the system. Under such conditions, secondary carbonate precipitation may be triggered by carbonate input from eolian dust in the supersaturated waters [Hren et al., 2007] , even when the temperature is relatively low. It is likely that calcite precipitation is triggered when increased eolian dust is introduced into the aquatic environment during the spring [e.g., Szramek and Walter, 2004] . The secondary carbonate precipitation eventually decreases Ca 2+ and HCO 3 − concentrations and increases pH in waters (Figure 2) . Physiochemically, the increased ratios of both Na/Ca and Sr/Ca of the spring river waters relative to those of other seasons (Figures 6 and 8) can be attributed to (1) increased contribution of Na + from dust and (2) Ca 2+ removal by the precipitation of secondary carbonates from the supersaturated water triggered by dust input.
[31] Significantly, eolian dust from inland Asia is characterized by homogeneous Sr isotopic composition with more radiogenic Sr [Sun, 2002; Jacobson, 2004; Yokoo et al., 2004; Rao et al., 2009] . For example, dust particles finer than 20 mm have 87 Sr/ 86 Sr of 0.7130 to 0.7142 in the Qaidam Basin and 0.7141 to 0.7145 in the southern Tarim Basin [Sun, 2002] . Eolian dust contains abundant carbonates from which Sr may be easily dissolved, resulting in uniform 87 Sr/ 86 Sr ratios in the river waters in spring. The relatively low 87 Sr/ 86 Sr but high Sr 2+ concentrations at the early spring ( Figure 3 ) might result from more limited dust dissolution under cold conditions competing with catchment weathering sources, given the high Na + and hence high Na/Sr in Figure 6 . After temperatures increased, namely after the snow storm event, more eolian dust might have been introduced into the system, resulting in a high and homogeneous 87 Sr/ 86 Sr in river water; slightly low Sr 2+ concentrations can be explained by dilution (Figure 3) .
[32] Strontium isotopes are a powerful tool for tracing geochemical and hydrological processes [e.g., Capo et al., 1998; McNutt, 2000; Bickle et al., 2005; Blum and Erel, 2004; Jin et al., 2009b] Sr ratios in surface waters can be due to different contribution from dissolution of silicate, carbonate, and evaporite minerals [Banner, 2004] Sr isotopic composition in surface water within continental catchments is therefore a function of mixing and/or exchange between different reservoirs. Given the effects of dilution/ evaporation and carbonate precipitation on elemental concentrations, Na normalized molar ratios are presented with 87 Sr/ 86 Sr for further discussion. These tracers provide insight into both source identification and weathering processes [e.g., Négrel et al., 1993; Stewart et al., 1998; Gaillardet et al., 1999; Roy et al., 1999; Tipper et al., 2006; Rai and Singh, 2007] .
[33] A distinct source with a high silicate component for the spring river waters is also well illustrated by 87 Sr/ 86 Sr versus Na/Ca (Figure 9 ). Several important observations appear when comparing the Sr isotopic compositions of river waters with those of groundwaters, rainwater and dissolved loess. Here, we employed the average composition of the water and acetic acid leachable portion of typical loess as a candidate of dissolved dust end-member, i.e., 87 Sr /86 Sr = 0.711130 (±0.00021 SE) and Na/Ca = 0.15 (±0.02 SE) [Yokoo et al., 2004] . First, the groundwaters follow the linear array defined by the nonspring river water samples. Second, the rainwater and the dissolved dust have similar Na/Ca and Sr isotopic ratios. This observation indicates that the rainwaters have their chemical characteristics of dissolved carbonate dust [Wang et al., 2005; Kang and Cong, 2006] . Third, the spring river waters have similar Sr isotopic ratios to the rainwaters and the dissolved component of eolian dust, but they are separated to opposite sides of the array defined by the nonspring river and groundwater samples. These observations further indicate that the separation of the spring river waters from other seasons can result from (1) the precipitation of secondary carbonates triggered by the eolian dust input and/or (2) a relatively high contribution from silicate component of the dust, rather than from groundwater input. A few river water samples collected during autumn and winter lie close to the spring group (Figure 9 ), which indicates that eolian dust might affect episodically river water chemistry during other dry seasons.
[34] Since the chemical signatures of the eolian dust are identified in the river water, a number of questions arise: Figure 9 . Plot of 87 Sr/ 86 Sr versus molar Na/Ca in river waters from the Buha River, along with rain and groundwaters. Also shown is the chemical composition of the water and acetic acid leachable portion of typical loess [Yokoo et al., 2004] as an end-member of dissolved eolian dust. The spring river waters (orange shaded area) have similar 87 Sr/ 86 Sr to dissolved eolian dust standing out from other seasons, with the exception of the sample BH07-13, being attributed to eolian dust input (see text). Five summer samples (green shaded area) with much low 87 Sr/ 86 Sr are corresponded to early period of the monsoon season (17 June to 15 July). The groundwaters fit well the array defined by nonspring river waters, indicating a potential contribution of groundwater sources to river water. The river water samples during the spring stand out from other seasons shaded in orange, with the exception of the sample BH07-13. The similar compositions of the groundwaters and the nonspring river waters indicate the potential contribution of groundwater sources to river waters, whereas some groundwaters extend to higher ions/Ca (and higher 87 Sr/ 86 Sr), resulting from calcite precipitation and/or more silicate weathering.
(1) How much is the annual dust contribution to the rivers/ lakes? (2) How and how much secondary carbonate precipitation occurs after dust introduction? (3) How can the dust contribution be corrected for when the geochemical data of river waters are used to establish weathering mass budgets? Given that Na + and Cl − concentrations and Na/Cl ratios are relatively stable during the winter, the eolian dust contribution to the dissolved load can be roughly estimated by comparison with the winter samples. Fluxes of Na + and Cl − increase by a factor of 4.5 and 3.0 during the spring if there is dust contribution, relative to fluxes in the winter. This results in 8.3% and 5.2% of annual inputs of Na + and Cl − with 2.9% of the total discharge, respectively. Despite carbonate precipitation, the flux of dissolved Ca 2+ in the spring increases 50% relative to that of in winter. The input of eolian dust during the spring results in an increase flux of dissolved load by factor of ∼2.2 relative to winter; this flux is underestimated because of the strong influence of carbonate precipitation on water chemistry.
[35] The introduction of eolian dust to the surface waters would be important in maintaining primary production and CO 2 uptake, which may influence lake biogeochemical processes via nutrient supply (such as iron), and may contribute to biogenic sediment flux. Changes in these fluxes may be crucial to the paleoenvironmental interpretation of sediment components. Additionally, the enrichment of dissolved components indicates that eolian dust might be a significant source of reactive trace elements to surface waters.
Seasonal Variation in Carbonate Versus Silicate Weathering
[36] The lithological nature of bedrock is known to be one of key parameters controlling the chemical composition of river waters [e.g., Stallard and Edmond, 1987; Huh et al., 1998; Gaillardet et al., 1999; West et al., 2005] . As suggested above, the chemistry of Buha River waters in nonspring seasons is determined primarily by the carbonate, silicate and evaporite sources of the catchment bedrock and by varying climatic conditions. In spite of seasonal variations, the major element compositions indicate that over the course of the year carbonate weathering is most significant and that silicate weathering is a minor source of the dissolved loads (Figure 4) . The time series information on the chemical compositions of dissolved load permits us to address the relative contribution of carbonate versus silicate sources, and particularly the relationship with hydrological behavior of the catchment (Figures 2, 3 , and 6).
[37] Lake Qinghai lies at the transition from arid to semiarid climate zones, where the climate is sensitive to the Asian summer/winter monsoons and the westerly. The regional climate exhibits remarkably high seasonality: during winter and spring, the climate is cold and windy; during monsoon season, high rainfall and high temperature are coincident. Under such distinct climatic conditions, major element chemistry and Sr isotope ratios in river waters show significant seasonal variations. These variations are related either to changing sources, or to varying mineral dissolution/precipitation rates under seasonal conditions [Stallard and Edmond, 1987; Négrel et al., 1993; Moon et al., 2007] .
[ 86 Sr equal to 0.713996 ± 0.000009. At the beginning of the monsoon season when water discharge increases by up to a factor of 30, a higher proportion of carbonate dissolution would be washed into the river because of the short interaction time between water and minerals, coupled with the fast dissolution kinetics of carbonates. Given that the temperature rose simultaneously along with water discharge, bicarbonate might be reduced by degassing of CO 2 , resulting in high CSI (Figure 2) . A similar scenario occurs in the headwaters of the Ganges [Bickle et al., 2003 Tipper et al., 2006] and in the Brahmaputra [Rai and Singh, 2007] during the monsoon. On the basis of a synthesis of available data, Krishnaswami et al. [1999] also suggested that there is a selective increase in carbonate weathering contribution with respect to silicates. Similar seasonal variations in dissolved Sr 2+ and its 87 Sr/ 86 Sr were observed in the southern Himalayan rivers and were attributed to a greater dissolution of carbonate relative to silicate at monsoonal runoff because of its faster dissolution kinetics [Bickle et al., 2003; Tipper et al., 2006; Rai and Singh, 2007; Wolff-Boenisch et al., 2009] .
[39] An abrupt increase in 87 Sr/ 86 Sr is evident (Figure 3 ) at the peak of the monsoon. This notable increase indicates the presence of more silicate weathering sources than carbonate-derived ones during the monsoon maximum (at the time of high temperature and increased runoff). Given the slow kinetics of silicate dissolution [e.g., Lasaga et al., 1994] , these silicate sources plausibly stem from either (1) enhanced groundwater input induced by increased runoff from monsoonal precipitation and/or (2) increased meltwater from mountainous glaciers at relative high temperature. Most of the groundwaters cluster in the same area as the nonspring samples and the linear arrays they defined (Figures 5 and 9) , which might imply a potential role of groundwater input in Buha River water chemistry. Indeed, the observation of higher 87 Sr/ 86 Sr and Na/Ca ratios in some groundwaters (Figure 8 ) favors groundwater inputs enhancing the riverine silicate components during the monsoon peak. An alternative source might be the meltwater of glaciers with higher 87 Sr from preferential weathering of biotite from high Qilian Mountains during summer [e.g., Anderson et al., 2000; Bickle et al., 2003] .
[40] After the monsoon, silicate sources contribute an increasing fraction of ions to the river waters, resulting from reduced carbonate dissolution in the drier climate. The narrow ranges of water chemistry during autumn and winter indicate a relatively constant contribution of groundwater during the dry seasons, if the assumption in terms of mixing holds true. The importance of groundwater in silicate weathering increases relative to carbonate during the dry season has also been highlighted in the Himalayan rivers [e.g., Tipper et al., 2006] .
[41] For nonspring waters, therefore, we suggest that (1) carbonate weathering dominates the water chemistry as precipitation increases in the early monsoon season and (2) the variations of other periods are the result of variations in contributions of different water masses associated with local hydrology and lithology. If the seasonal variation in 87 Sr/ 86 Sr of the nonspring river waters is assumed to be attributed to the variations in groundwater input, the budget of groundwater inputs into the Buha River varies with time. Such variation could indicate a variation of flux and/or sources of groundwater, the latter being suggested by the range of 87 Sr/ 86 Sr ratios of groundwaters within the catchment. In this scenario, understanding the origin and chemistry of the groundwater is crucial to the use of geochemical analysis of river waters to establish catchment weathering mass budgets [e.g., Durand et al., 2005] . However, it is difficult to quantify the flux and/or budget of groundwater inputs into the Buha River waters at this stage, especially seasonally, because (1) surface and groundwaters have similar characteristics in geochemical parameters, (2) no exact data on groundwater discharge are available, and (3) flux of the groundwater input may vary with time.
Conclusions
[42] Our results on the dissolved chemistry of river water samples from the Buha River present a good case of the potential contribution of eolian input to the dissolved load of semiarid inland rivers. This eolian dust input might trigger secondary carbonate precipitation. Further work is warranted to constrain dust flux estimates to various ecosystems, especially in arid and semiarid areas.
[43] Our data shed further light on processes responsible for the mass balance of elements transported in solution associated with seasonal variation in carbonate and silicate sources. The data presented here, from a semiarid region, clearly demonstrate that the relative inputs from silicate versus carbonate sources are sensitive to local hydrology. A significant increase in the proportion of carbonate weathering to the dissolved load occurs in the early monsoon season, resulting from the faster dissolution kinetics of carbonates. Then, increased silicate sources respond to high temperature and increased rainfall during the monsoon maximum, perhaps due to groundwater contributions. A constant silicate contribution to river water chemistry is observed during the dry seasons, probably resulting from a continued contribution from groundwater.
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